Background. 28
compete in vitro [13] . C. accolens also exhibits anti-pneumococcal activity through the 79 production of free fatty acids from nostril triacylglycerols [14] . Thus, understanding host and 80 environmental factors underlying nasal microbiota structure are important for respiratory health. 81
Competitive athletes, especially those who are chronically exposed to allergens, 82 pollutants, or environmental stressors, are susceptible to upper and lower airway damage 83 leading to airway hyperresponsiveness [15] . Chlorine is an inexpensive reagent used in most 84 swimming pools as a disinfectant and it reacts with organic matter to produce derivatives such 85 as chloramines and gaseous nitrogen trichloride (NCl3) [16] . Although concentrations of 86 chlorine byproducts are regulated by the World Health Organization, chronic exposure may lead 87 to damage or irritation of the airway mucosa. Indeed, competitive, elite swimmers have a higher 88 prevalence of upper respiratory symptoms including rhinitis and allergen sensitization 89 [15, 17, 18] . A small study of 69 elite swimmers and non-swimmers demonstrated that up to 74% 90 of swimmers report rhinitis compared to 40% of non-swimmers [17] . Upper airway symptoms 91 can lead to poor performance and decreased quality of life [19] . Recent studies have shown that 92 nasal microbiome composition is directly related to rhinitis and asthma [20] [21] [22] . Thus, we 93 hypothesized that the composition or diversity of the nasal microbiota during the course of an 94 athletic season would be altered in competitive elite swimmers compared to age-and gender-95 matched athletes who are not exposed to chlorine or chlorine byproducts. 96
Our understanding of factors that alter the nasal microbiota continue to be investigated 97 but gaps still remain. For example, whether common environmental exposures alter microbial 98 dynamics or composition in healthy, active adults is poorly understood. Temporal changes in the 99 nasal microbiome in age and gender-matched groups exposed to distinct environmental 100 pressures have not been extensively studied. Here, we evaluate temporal dynamics of the 101 bacterial microbiome in NCAA Division I collegiate athletes chronically exposed to chlorinated 102 water (Swim and Dive) compared to those who are unexposed to chlorine (Basketball). 103
Results. 105

Participant Characteristics. 106
A total of 47 subjects ages 18-22 participated in this study. All subjects were female 107 collegiate-level NCAA Division I athletes during their competitive seasons. To determine 108 whether prolonged chlorine exposure altered nasal microbiome composition, we recruited 109 individuals from swim and dive and compared to female subjects on a basketball team so that 110 microbiome comparisons matched to the same age range and athletic aptitude. Participants 111 provided 2-5 nasal swabs at approximately one-month intervals ( Fig. 1 Compositional alterations in the nasal microbiome in chlorine exposed athletes. 118 Alpha diversity, measured by richness (observed ASVs) did not significantly change in 119 chlorine-exposed (Swim and Dive) vs. chlorine-unexposed (Basketball) collegiate athletes over 120 time ( Fig temperature 66 °F)]. We chose to perform this analysis at timepoints that corresponded to 132 overlapping months, instead of sampling (see Fig. 1 ), to control for seasonal variation in nasal 133 microbiome beta diversity, which has been previously described [23, 24] Table 1 ). 138
Significant differences in nasal microbiome composition between individuals, grouped by 139 athletic team, were observed using abundance-weighted (Bray-Curtis) and unweighted 140 (Jaccard) beta diversity metrics. In Fall (October) we observed robust clustering by team with 141 Jaccard (p=0.002, PERMANOVA, Table 2 Table 2 , Fig. 2D ) metrics. In the winter (November/December), we 143 observed significant differences when an unweighted metric was used (Jaccard, p=0.021, 144 PERMANOVA, Table 2 ) but not when a weighted metric was used (Bray-Curtis, p=0.051, 145 PERMANOVA, Table 2 ) indicating that, at this time point, low abundance features are joining or 146 leaving the community (either physically, or their abundance is changing in a way that is 147 relevant to our detection threshold). At the final overlapping time point in spring (March), 148 bacterial communities between the two teams were significantly different when using a weighted 149 metric (Bray-Curtis, p=0.031, PERMANOVA, Table 2 ), but not an unweighted metric (Jaccard, 150 p=0.284, PERMANOVA, Table 2 ). Together, these results suggest that nasal microbiome alpha-151 diversity (richness and evenness) is relatively stable, but that compositional changes in bacterial 152 communities are apparent between athletic teams, possibly due to chronic exposure to 153 chlorinated water. That we observe the greatest compositional difference between teams at the 154 beginning of the athletic season suggests that training and exercise generally may have a 155 consistent impact on the microbial composition of the nasal cavity independent of sport. 156 identify this association. We also evaluated whether an increase in nasal symptoms was 208 correlated with decreased alpha diversity using repeated measures correlation (rmcorr) in R 209 [27] ., as has been demonstrated in the sinonasal cavity in sinusitis [28] . We observed a weak 210 but non-significant negative correlation overall (r 2 = -0.117, p=0.261) and in the Swim/Dive team 211 (r 2 =0.029, p=0.868, Additional Figure 5 ). We observed no correlation between SNOT-22 and 212 richness in individuals on the basketball team (r 2 = 0.029, p=0.868). Our results therefore do not 213 illustrate a relationship between SNOT-22 scores and alpha diversity, but we expect that a 214 larger sample size including individuals with diagnosed upper respiratory disease might 215 elucidate a relationship. 216
217
Discussion. 218
We demonstrated that healthy, Division I NCAA athletes who are chronically exposed to 219 chlorinated water (Swim and Dive) have distinct microbial community composition, but not alpha 220 diversity, during the active season when compared to athletes who are not exposed to 221 chlorinated water (Basketball). Both teams were comprised of healthy, female athletes, aged Previous studies have demonstrated an increased prevalence of allergic rhinitis, asthma, 232 and allergies in elite athletes exposed to irritants and chlorinated water [18, 29, 30] . These 233 studies are intriguing, but are limited in scope and unable to detect specific mechanistic 234 pathways by which chronic exposure to low levels of chlorine and chlorine derivatives drive 235 airway disease. It's unclear whether athletes choose an athletic career in the pool because of 236 underlying airway issues, such as asthma, or whether exposure to chlorine and byproducts 237 precedes disease. We hypothesized that altered nasal microbiome composition may contribute 238 to airway disease, as has been previously described in patients with AR and asthma [9,20,21]. 239
While we have not mechanistically demonstrated this in the current study, our results suggest 240 that elite athletes exposed to chlorinated water have altered microbial composition. Specifically, 241
we demonstrated that the rate of change in Jaccard and Bray-Curtis distances increased in the 242
Swim/Dive team over time, indicating that the nasal microbiota of participants on the Swim and 243
Dive team became less similar than their previous sampling point as the season progressed. In 244 contrast, the rate of change in distances was smaller in participants on the basketball team, 245 indicating that the nasal microbiota did not change or became more similar to their previous This is the first study that has evaluated the nasal microbiome in athletes. We obtained 266 longitudinal nasal swabs from two gender-matched teams with similar age distributions (18-22 267 years old) over an approximately 6 month period. The limitations of our study include uneven 268 periods between sampling, though we were able to sample in three seasons (Fall, Winter, 269 Spring) for each team. We also recognize that this study was performed with a relatively small 270 sample size (n=47 total participants), so we may not have statistical power to detect true 271 changes in the microbiome at each timepoint. Finally, we were unable to include a healthy, non-272 athlete cohort in this initial study. We are currently recruiting healthy, non-athletes to determine 273 whether we observe changes in the nasal microbiome due to athletic status. Although this 274 question has not been determined in the nasal microbiota, a recent study evaluating the skin 275 microbiome showed major shifts in athletes playing a contact sport (roller derby) [35] . In future 276 studies, we will also measure nasal fungal microbiota to determine whether networks of bacteria 277 Company, Sparks, MD). Participants were instructed to swab their anterior nares with both swab tips for 10-15 seconds per nostril. Swabs were transported to a -80 °C freezer and stored until 302 DNA extraction. Nasal samples were randomized into five extraction sets. Total DNA was 303 extracted from nasal swabs using DNeasy PowerSoil Kit (Qiagen Hilden, Germany) using 304 manufacturer's protocol with one modification; to facilitate microbial lysis, swabs were incubated 305 in lysis buffer for 10 minutes at 65 °C before sample vortexing. Resulting samples (first distances) from chlorine-exposed (Swim/Dive) and unexposed (Basketball) 554 athletes. Athletes who were not exposed to chlorine during the athletic season had more similar 555 nasal microbiota when measured using Jaccard but not Bray-Curtis dissimilarity metric, at the 556 end of the sampling period compared to the baseline sample whereas athletes who were 557 chronically exposed to chlorine had less similar nasal microbiota compared to baseline and prior 558 sampling timepoints (Jaccard, p=0.02, Kruskal Wallis; Bray-Curtis p=0.45 Kruskal Wallis). 559 
